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Abstract
Manufacturing paradigms are currently shifting from mass production towards mass customization and personalized products. Customers demand
individual, high quality products that are tailored to their needs at a low cost and reasonable delivery times. The shoe and fashion industry
is one example. Currently, mass customizing textile products is possible but comes with long delivery times due to fragmented supply chains
that are distributed all over the world. Therefore, companies are under the pressure to reduce their time to market and to respond to the dynamic
requirements regarding lot sizes, lead times, and cost. Moreover, companies will shift to regional production to be closer to the customer to ﬂexibly
react to the market and reduce delivery times. This paper presents an approach to model personalized products and interconnect this knowledge
with information about the manufacturing system and production processes. The approach allows using product information to assist the worker
during the manufacturing process to enable quickly switching between diﬀerent products. Connecting the shop ﬂoor with the supervisory control
facilitates adapting to new products. The approach is evaluated using an experimental setup. Results and future research directions are illustrated
here.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientiﬁc committee of the Changeable, Agile, Reconﬁgurable & Virtual Production Conference.
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1. Introduction
Manufacturing nowadays has to cope with dynamic markets
and swiftly adapt to changes in demand. There is a shift away
from mass production towards mass customization with cus-
tomers actively designing their products [1]. An adaptation of
products based on customer requirements is necessary [2]. The
result is an increased number of variants per product. At the
same time, product life-cycles are becoming shorter. These fac-
tors contribute to dynamic requirements on lot size, throughput,
and cost of production. Changeable manufacturing systems [3]
emerged to allow dealing with the increased number of variants
and the diverse products. The goal is to decrease setup times
and quickly switch between products and variants [4].
One industry where this trend is particularly visible is the
fashion and shoe industry. Most of the German brand manufac-
turers for fashion and shoes have a globally distributed supply
chain. The iterative process to develop a product from design,
to prototype, and ﬁnal approval is therefore time-consuming
and expensive. Additionally, it also decreases the capability to
quickly react on market changes.
In order to enable a fast transformation of an idea to a prod-
uct, a local and ﬂexible production of prototypes and ﬁnal prod-
ucts is necessary. A regional production reduces shipping times
and puts the customer in the focus of production. More ﬂexible
production planning and control systems have to be developed
and it is necessary to shift decision-making closer to the shop
ﬂoor [5]. Moreover, technologies that enable a fast processing
of production orders while achieving lower costs, higher qual-
ity, and higher ﬂexibility are desirable [6–8].
In this paper, an approach to model personalized products
that allows automatically using the information to control pro-
duction is presented. This approach models all necessary steps
to describe what the product is without specifying how the pro-
duction steps are actually performed. With such an approach,
an adaptation of production programs is possible without repro-
gramming because the necessary information is derived from
the product model. In addition, the same model can be used in
diﬀerent factories with varying production equipment. It is also
suitable for supporting human workers during production.
The remainder of this paper is structured as follows: Sec-
tion 2 gives an overview of current research developments. In
Section 3 the current challenges for manufacturing in the tex-
tile industry are presented. The modeling approach developed
is presented in Section 4. Section 5 explains how the devel-
oped models can be used to derive production parameters and
schedules that are used to control and execute production. The
evaluation on an application example is presented in Section 6.
In Section 7, a critical view on the work is given. Finally, Sec-
tion 8 concludes the paper.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Related Work
The adaptability of manufacturing systems has been in the
focus of research in the past years and there has been much
work to improve it. However, the topic of explicit modeling of
products is still in its ﬁrst steps. Approaches to modularize pro-
duction and standardize the description of processes are partly
available. One example is the German guideline VDI 2860 [9]
with the goal to deﬁne reoccurring tasks and processes for the
assembly domain. The result is a classiﬁcation of processes
with a standardized symbol for their representation. The fo-
cus of the guideline is on the process itself without considering
using the description to describe products and their workﬂows.
Moreover, a combination of processes to describe ﬁnal products
is not part of the guideline.
Another example stems from the processes industry. The
process industry already established the separation of process
knowledge from production equipment [10]. The German
guideline VDI 3682 [11] aims at dividing continuous processes
in discrete steps. It provides a formal description language that
is based on Polke’s phase model [12] and is used to describe
technical process knowledge [13]. The guideline allows de-
scribing processes graphically in terms of sub-processes, prod-
ucts, and energies [10,14,15]. Final products are the result of
transforming products and energies in process steps [14]. Al-
though this formal description emerged from the process in-
dustry, it is neutral in its concepts and could be applied to the
discrete manufacturing domain [14]. However, using it for the
textile industry requires considering material constraints.
One important aspect when considering modeling ap-
proaches is that the same languages or methodologies have to
be used to describe both the production resources as well as
the processes and products. This is also conﬁrmed by the work
of Rehage et al. [16]. The focus of their work is on the de-
sign and conceptual planning of a manufacturing system with
the goal to support the user in ﬁnding suitable machines during
planning. In contrast, the work presented here aims at using
product descriptions to automatically control production and
adapt to changing manufacturing requirements. The provided
description and models are used to assign respective resources
and deﬁne process parameters for production.
In the ﬁeld of robotic assembly processes there are examples
for modeling products and systems to increase adaptability of
systems and reduce conﬁguration eﬀorts. Backhaus and Rein-
hart [17,18] use a modeling approach to achieve a task-oriented
assembly process. In their work, they utilize AutomationML to
model the resource, process, and product. However, they do not
reveal the details of a product model. Michniewicz et al. [19,20]
utilize CAD data to describe the project. Assembly sequences
are determined by interrelations between parts within the CAD
model. In addition, production graphs can be extracted from
CAD data. Since this approach is tailored for the robotic sys-
tems, it needs to be extended with concepts of the textile in-
dustry. While these approaches share our vision and provide
concepts that can be reused for our approach, they do not ad-
dress all the challenges of the textile industry. At the same time
the work is focused on assembly steps with robots while the
human needs to be integrated for the textile industry.
Baumberger [21] investigates the deﬁnition of customized
products. The work develops method to specify customer re-
quirements within the product and to adapt processes accord-
ingly. This approach focuses on the design phase and design
elements of the product. However, the concepts can be used as
a foundation for our work.
The literature review shows that there are several approaches
to model products and include customer requirements in dis-
crete manufacturing and for robotic assemblies. However, the
challenges of the textile industry are not fully addressed yet.
There is a need to develop models for customized products that
can be automatically analyzed and used to control production.
Information must be derived from the models to assist workers
as well as to control machines and steer production. Therefore,
this paper will present an approach to model information about
the product. The approach will be explained through the exam-
ple of shoe manufacturing.
3. Challenges of Shoe Manufacturing
Shoe manufacturers face two major challenges: increased
product variation and shorter delivery times. A wide range
of shoes can be considered as regular consumer products. As
in many other industries, the shoe industry oﬀers the opportu-
nity to create individual designs by modifying properties such
as size, color and material for certain parts. Nike and adidas,
for example, provide respective services online1. Those unique
shoe design may be produced only once and therefore require a
manufacturing system to handle lot size one economically.
Manufacturing of shoes is labor-intensive and therefore
mostly performed by human workers nowadays. As a result,
typical production lines are semi-automated and include human
workers as well as machines. The increased complexity of man-
ufacturing systems requires a planning and execution system
that handles diﬀerent factory setups as well as a high variety of
products. Additionally, advanced product and factory modeling
is required to enable a ﬂexible and adaptable system.
Another challenge is to reduce the time to manufacture pro-
totypes and ﬁnal products. This requires that the complete man-
ufacturing system from design to production and delivery is
optimized. Using semi-automated production lines requires an
easier integration of machines within the IT landscape of man-
ufacturers as well as an integration of human workers. This
is especially important and useful in order to move production
to high-technology regions such as Europe and North America.
Hence, design engineers as well as customers would not have to
wait for products to be shipped from Asia. Usual delivery time
for a customized shoe is approximately 3 to 6 weeks. Moreover,
all data within the ecosystem of manufacturing has to be aligned
and consistent throughout all phases. This includes new ap-
proaches to describe and distribute information about products
in order to optimize manufacturing. Current processes involve
manual steps to share the required data with all involved man-
ufacturing sites and transform it into executable actions. The
introduction of automatic production steps enhances the com-
plexity of manufacturing and therefore increases the eﬀort to
plan production manually. Therefore, a product model is re-
quired that enables an adaptable manufacturing system which
reduces the need of manual interim steps to a minimum.
1Nike customization webpage: http://www.nike.com/de/de de/c/nikeid, adi-
das customization webpage: http://www.adidas.com/us/customize
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Upper
Geometry: { - CAD: …
- … }
Material: { - color: white
- raw material: leather
- consolidation: gluing
- … }
Sole
Geometry: { - CAD: …
- … }
Material: { - color: black
- raw material: styrofoam
- consolidation: consolidation
- … }
Side Panel
Geometry: { - CAD: …
- … }
Material: { - color: red
- raw material: leather
- consolidation: gluing
- … }
Fig. 1. The product description includes the product parts and their properties.
4. Modeling Products
The primary goal of the modeling approach presented here
is a comprehensive and consistent product description which
combines appearance-related properties and process steps that
describe what has to be done to manufacture a product. To
achieve this goal, the product model has to integrate two main
aspects: product design and manufacturing steps. The great-
est challenge hereby is to combine the diﬀerent types of infor-
mation into one model and create an interconnection between
them. In this section, the two diﬀerent components of the model
are explained in detail. In order to illustrate the modeling ap-
proach, an example from the shoe manufacturing industry is
used for explanation throughout the paper.
4.1. Product Description
The product description is used to represent the physical as-
pects of a product and its properties. Shoes, for example, con-
sist of several parts: sole, upper, toe cap, heel counter, side pan-
els, etc. In this context, each part is a distinct physical object
that exists independently of other parts. Decoration elements
such as embroideries and paintings are not considered as parts.
They are described by processes that are explained later. Hence,
a list of all the parts of a shoe can be considered as a bill of ma-
terial for manufacturing. For explanation reasons, we deﬁne a
shoe consisting of an upper, side panels, and sole. Furthermore,
we assume that the sole and side panels are provided by external
suppliers. Thereby we can limit the complexity of the model.
Each part contains a list of properties such as geometry and
material. The geometry deﬁnes the shape of parts whereas the
material gives further information about how to process the
component later on. Properties themselves contain attributes
that further describe them. Attributes for the material prop-
erty, for example, include among others color, raw material,
and consolidation type. This information is later used to derive
parameters for the generated action sequences as described in
Section 5. Figure 1 shows schematically the structure of the
product description aspect of the presented product model. The
upper component from the example above contains a material
property. That material is described as white, leather, and the
consolidation type is gluing. Considering all these properties
and their attributes, the single parts of a shoe are fully described.
In order to satisfy customers’ demand for a higher variety
of products, manufacturers oﬀer product variations in addition
to only pre-designed products. In this context, product varia-
tions refer to one product whose properties and their attributes
can be modiﬁed during a conﬁguration phase. Such conﬁgu-
rations can be done by a customer as well as the manufacturer
Upper
Geometry: { - … }
Material: [{ - color: white
- raw material: leather
- consolidation: gluing
- … },
{ - color: red
- raw material: knitted fabric
- consolidation: sewing
- … }
]
Fig. 2. The properties of objects in the model can include several options to
increase ﬂexibility.
itself in order to create speciﬁc production orders. Regarding
the product model, design engineers create a shoe model us-
ing the presented modeling approach and deﬁne available op-
tions such as colorways for single parts and diﬀerent materials
such as leather or knitted fabric. These options are represented
within the product description through property lists. Properties
are not assigned single values but a range of values. As for the
example above, the material property of the upper component is
a list including two diﬀerent materials as depicted in Figure 2.
The ﬁrst is still described as white, leather, and gluing. The
second entry refers to a material that is red, knitted fabric, and
sewing. At this stage the product model is called conﬁgura-
tion model. During the conﬁguration process, speciﬁc property
values are selected and a ﬁnal, customized product model is
created that can drive manufacturing.
4.2. Process Description
As mentioned before, parts of a shoe are deﬁned indepen-
dently of each other. Their logical and later physical connec-
tion is determined by processes that represent manufacturing
actions such as consolidating, cutting, and decorating. Consol-
idating deﬁnes how several parts are physically connected to
each other. Cutting describes how a product must be processed
in order to create a second one out of it. Decorating represents
a task that is performed on a part in order to add decoration ele-
ments. The various processes diﬀer in their meanings and ways
how they are connected to single parts as depicted in Figure 4
using various shapes. Therefore, they are not interchangeable.
Similar to real manufacturing tasks, processes are structured in
classes as depicted in Figure 3. The base class consolidating,
for example, is divided into several subclasses such as sewing
and gluing. This diﬀerentiation is necessary to enable a one-to-
one matching between processes and manufacturing tasks later
during the generation of action sequences.
Following the idea of mass customization, the class hierar-
Consolidation
Gluing
Sewing
Bonding
Welding
Cutting
Laser 
Cutting
Knife
Decoration
Dyeing
Embroidery
Printing
Fig. 3. Processes can be organized as a hierarchy.
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Upper
Geometry: { - CAD: …
- … }
Material: { - color: white
- raw material: leather
- consolidation: gluing
- … }
Geometry: { - … 
}
Adhesive: { - …
}
…
Sole
Geometry: { - CAD: …
- … }
Material: { - color: black
- raw material: styrofoam
- consolidation: consolidation
- … }
Side Panel
Geometry: { - CAD: …
- … }
Material: { - color: red
- raw material: leather
- consolidation: gluing
- … }
Fabric Roll
Geometry: { - …
}
Material: { - …
}
Gluing
Geometry: { - … 
}
…
Cutting
Geometry: { - … 
}
…
Geometry: { - … 
}
…
Decorating
Consolidating
Fig. 4. The ﬁnal model includes information about the product parts as well as the used processes.
chy is used to increase the variety of products. In addition to
the previously described opportunity to select part properties, it
is also possible to modify process options. Therefore, design
engineers use the base process to deﬁne the consolidating type
between parts as depicted in Figure 4 for the previously intro-
duced example. During the conﬁguration, a speciﬁc consolida-
tion process can be selected according to the underlying class
hierarchy. One example would be to choose sewing in order to
apply the side panels onto the upper component. This requires
that all involved components have materials assigned that sup-
port the selected type of process. Otherwise the customized
product contains invalid product data that might result in insuf-
ﬁcient product quality or even machine break-downs. In order
to avoid this, the selected consolidating type must ﬁt the part’s
material properties. The same assumption is used to check all
other process types as well. For example, in order to use em-
broidery to apply decoration elements, the part’s material prop-
erty must enable this option. To achieve this, a semantic model
is implemented that refers to part properties and processes as
restrictions and requirements. Therefore, it is possible to infer
if parts and their connected processes are compatible.
Similar to the product description, processes also contain
several properties and attributes. For example, embroidery in-
cludes information about the applied geometry of the decora-
tion element as well as the used yarn. Hereby, the yarn is further
described using attributes such as color and thickness. Process
properties and their attributes are used to determine parameters
for action sequences later.
5. Product-Driven Manufacturing
Modeling products as described in the previous section
allows for automatically adapting production equipment and
schedules to the incoming orders. Instead of having ﬁxed se-
quences of orders and manually changing control programs in-
between orders, the system uses information about available
manufacturing equipment and required products described in
the models to derive production parameters. This inference
possibility decouples products from factories and thus allows
a ﬂexible and adaptable production that is independent of the
location of diﬀerent equipment and factories.
5.1. Modeling Factories
Before explaining how product-driven manufacturing can be
realized based on product models, a description of the factory
and the available resources has to be given. Each factory con-
sists of a set of resources that are connected together to fulﬁll
a manufacturing task. Resources can be either machines and
tools that perform certain processes or human operators that
use available tools and their skills to produce goods. Each pro-
duction resource can be described by the processes it supports
for production and its physical structure. Matching the process
description of a resource with the description in the product
model allows automatic assignment of resources to manufac-
turing steps. A detailed description of how factory models can
be built is available in previous publications [22,23].
5.2. Product-Driven Generation of Action Sequences
Based on the factory and product model, information for the
manufacturing task can be generated and used to control pro-
duction. The ﬁrst step in this approach is to specify all re-
quired processes for the ﬁnal product. The customer conﬁg-
uration results in the ﬁnal product model that partly contains
speciﬁc processes for diﬀerent manufacturing steps but can still
contain generic process classes. Based on the classiﬁcation de-
scribed earlier, the generic processes can be reﬁned based on
available equipment. Since manufacturing resources contain a
self-description with the processes they support, the algorithm
searches for available speciﬁc processes that are in the generic
process class and substitutes the generic process with the spe-
ciﬁc one. This results in the ﬁnal product model that contains
all information about required materials and processes.
The ﬁnal product model is the starting point for generating a
factory-speciﬁc action sequence that can be executed to manu-
facture a product. The algorithm is a branch-and-bound search
algorithm that considers the material ﬂow. All details can be
found in previous work [23,24]. In the ﬁrst step, a matching
resource for each process described in the product model has
to be found. This is achieved by comparing all processes con-
tained in the self-description of the diﬀerent resources with the
required ones in the product model. When a matching resource
is found, it is assigned to this process step. Several resources
could support the same process. In this case, all resources that
supporting the process are assigned to this step to later on al-
low ﬂexibility while choosing. If the matching algorithm does
not succeed in assigning at least one resource for each required
process, the algorithm stops and manufacturing of this product
is not possible with the provided equipment or factory.
After the assignment of resources, a valid action sequence
is generated. This is done by starting from the ﬁnal step in the
product model and its assigned resource. In the next iteration,
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one resource assigned to the previous step in the customized
product model is chosen and the material ﬂow between the two
assigned resources is validated. This is done using breadth-ﬁrst
search on the factory model. If a path between both resources
is found, then material ﬂow is possible and necessary transport
operations are added to the action sequence. If there is no path,
the algorithm backtracks to the next resource that was assigned
to this step to ﬁnd a valid action sequence. If there are no more
resources, the algorithm stops and there is no valid action se-
quence to manufacture the product with the available factory
setup. In case the search was successful, the algorithm pro-
ceeds to the next iteration. These steps are repeated until the
ﬁrst step in the product model is reached. The result is an ac-
tion sequence that contains information about which resource
has to perform which process and with all necessary transport
operations. The action sequence also contains all necessary pro-
cess parameters that are product-speciﬁc. The parameters are
derived from the information modeled in the product model as
well as the possible reﬁnement resulting from the process de-
scription of each resource. For example, the geometry of the
upper can be used to generate the cutting line for the cutting
process. The cutting line is then added as a parameter to the
cutting process in the action sequence. Since the algorithm gen-
erates action sequences based on the modeled information, the
algorithm can be used for local manufacturing as well as dis-
tributed manufacturing. For distributed manufacturing, logistic
information is included in the factory model and corresponding
transport operations are added to the action sequence.
5.3. Production Execution and Control
The action sequence is then used to execute processes. The
supervisory control coordinates the resources based on it. For
each resource, a list of steps to be performed is queued and
executed in the scheduled order. Since the products here are
all attached together through a roll of material, synchronization
plays a major role in ensuring that production is successful. For
the textile industry this means that there is a conveyor belt that
is responsible for transporting the material roll. All available
resources are connected to this conveyor belt. This results in a
production scheme that is similar to pipelining as known from
computer architecture [25]. Each station ﬁnishes its production
step and then hands the product over to the next station and
continues with the next product. This is done by pulling the
material so that it can reach the next resource. Therefore, mate-
rial should only be moved when all resources have ﬁnished their
production steps in order not to damage the material. Depend-
ing on the width of the fabric, several products can be processed
within one step and before material is moved.
Synchronization is ﬁrst considered during planning. Trans-
port operations that are generated in the action sequences are
consolidated for several products during scheduling because the
movement of the conveyor belt results in transporting several
products from one station to the next. The according transport
operations are combined together in the queue for the conveyor
belt to avoid repeating the transport operation for the attached
products. Based on the number of resources that are connected
to the conveyor belt, the transport operations that have to be
combined together are calculated automatically. This calcu-
lation is adapted automatically whenever the factory setup is
changed. The information about the number of connected re-
sources is obtained from the factory model.
During production execution, the supervisory control en-
sures synchronization between the stations. Each station reports
when it ﬁnishes its production step for one product. Depending
on the number of products in the pipeline and the number of
stations connected to the conveyor belt, the supervisory control
manages the incoming ﬁnished signals and decides whether the
station can continue with the next product or a transport opera-
tion needs to be triggered.
6. Application Example
To illustrate the approach, we use a simpliﬁed example from
the textile industry used for research purposes as depicted in
Figure 5. The setup is used to simulate shoe production. In
the experimental setup, the pick&place process is performed
while the sewing process is simulated through a virtual in-
stance. For veriﬁcation purposes, several customized and pre-
deﬁned products were modeled and used as input to drive pro-
duction. Based on the input product model, the required dec-
oration elements were projected onto the fabric to support the
human worker. Moreover, the box including the corresponding
side panel blinked to guide the worker while picking the dec-
oration elements. In addition, the parameters for sewing were
derived from the product model during the generation process.
Machines and operators reported the status of performing pro-
duction steps. The signals were used to synchronize production
steps and schedule several products.
Fig. 5. The factory setup with a projection to support the human worker.
7. Discussion
The presented modeling approach allows to select, deselect
or modify speciﬁc parts and processes of an individual prod-
uct. This enables creating generic models by designers that are
later on conﬁgured by customers and thus create a wide range
of product variants. The combination of product and process
information into one model forms a single source of informa-
tion that includes all relevant data to fully describe an individual
product and its generic manufacturing steps. Due to the com-
plete description, it is possible to check for inconsistencies and
detect them at any time. They are then handled immediately
with no further manual work. This leads to a permanently valid
product description throughout the entire production ﬂow.
The generation of production action sequences also prof-
its from the presented one-model-approach. All necessary
product-related data including parts and processes is stored at
one location. This eases the management of necessary data to
generate action sequences and increases maintainability. Re-
quired process parameters can be generated at run-time based
on the factory setup. Furthermore, the self-consistency feature
of the product model prevents the necessity to check the gen-
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erated production workﬂow for inconsistent material-process-
matches. The separation from the factory model is absolutely
necessary in order to keep the product description independent
of speciﬁc factory setups. Therefore, the product model can be
used to generate action sequences for any factory oﬀering the
required processing tasks. Though this might not be optimal in
terms of utilization and throughput, the separation is crucial to
enable adaptable manufacturing systems.
During that generation, the required process parameters are
copied from the product model into the sequences. For exam-
ple, the selected type to consolidate the upper and side panels
is sewing. Therefore, the algorithm assigns a sewing machine
to perform this task. The geometry of the sewing line is de-
rived from data within the product model at generation time.
So from this point on the manufacturing is independent of the
underlying product model. This ensures that invalid product
model modiﬁcations do not corrupt the production in case of
reconﬁguration. In order to modify production parameters at
run-time, a coupling of action sequences and product models
is necessary. In this case, data is not copied but linked in the
action sequence instead. This enables editing process parame-
ters until the production step is actually performed. However,
this approach requires some additional logic in order to check
modiﬁcations at run-time.
8. Conclusion
This paper presented an approach to model products while
enabling an automatic use of the information to steer produc-
tion. The motivation of this approach is the need to decou-
ple product descriptions from factories in order to cope with
fast paced changes in the production industry. A product
model combines two aspects of a product: parts and processes.
Through describing all necessary parts with their attributes as
well as the required processes, production parameters can be
inferred and inconsistencies eliminated. As a result, an auto-
matic generation of action sequences that are used to control
production is possible. The approach is suitable for machines
as well as manual steps. This was validated with an experimen-
tal setup for shoe manufacturing.
In future work, the parameters for production should be
transferred at run-time to give the customer more ﬂexibility.
Moreover, the approach will be validated in a bigger setup with
industrial equipment.
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